Introduction
[2] The solar wind dynamic pressure often changes in strength, the change sometimes having the form of an abrupt jump or pulse. When such a variation in the solar wind pressure hits the earth's magnetosphere-ionosphere system, various types of disturbances are observed. First, the disturbance of the Earth's ground magnetic field has been studied by a number of authors [e.g., Russell et al., 1994, and references therein; Francia et al., 1999] . The geomagnetic response can be sensitive to the interplanetary magnetic field (IMF) direction, i.e., whether it is southward or northward, and may involve disturbances of not only the magnetopause current system but also the tail current and reconnection-related field-aligned currents on the dayside.
[3] The solar wind pressure effect on the geosynchronous magnetic field has also been studied by several authors. For example, Nagano and Araki [1986] examined seasonal variations of the amplitude of geomagnetic sudden commencements (SCs) observed near midnight. Both their work and the work by Kokubun [1993] showed that, at geosynchronous orbit, sudden impulses had very little effect near midnight. Also, Rufenach et al. [1992] studied the hourly quiet field values at geosynchronous orbit using GOES spacecraft data and found that the quiet magnetic field H component was stronger for higher solar wind dynamic pressure. Another study on quiet time geosynchronous magnetic field variability was recently done by Sanny et al. [2002] . Their study includes the effect of solar wind dynamic pressure, and indicates that the variability of the geosynchronous magnetic field near noon increases with the variability of the solar wind dynamic pressure. On the basis of hourly averaged GOES data, Wing and Sibeck [1997] reported that the geosynchronous magnetic B z was enhanced on the dayside but depressed on the nightside with increasing solar wind dynamic pressure.
[4] As for study of the effect of solar wind pressure in magnetospheric regions other than the geosynchronous JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 109, A04201, doi:10.1029 /2003JA010076, 2004 Copyright 2004 by the American Geophysical Union. 0148-0227/04/2003JA010076$09.00 orbit, Ostapenko and Maltsev [1998] examined the effect of the variations of the solar wind dynamic pressure on the magnetospheric region of 3 to $10 R E . They found that the dayside sector magnetic field was mainly enhanced, but the nightside magnetic field was mostly slightly reduced, in response to an enhancement in solar wind dynamic pressure. They suggested that the nightside depressions might be due an enhancement in the crosstail current enhancement. Their analysis was done using hourly averaged data of the solar wind dynamic pressure, and by dividing the whole data set into two subsets depending on the magnitude of the solar wind pressure, one with pressure <2 nPa and the other with pressure >2 nPa, while keeping other parameters such as Dst, Kp, AE, and IMF B z nearly equal in both subsets. It is well known from Kawano et al. [1992] , Nakai et al. [1991] , and Fairfield and Jones [1996] that the magnetic field in the tail lobes increases with increasing solar wind dynamic pressure, implying that the cross tail current increases with increasing solar wind dynamic pressure. Collier et al. [1998] demonstrated that the tail lobe field increases on a timescale of two minutes in response to solar wind pressure discontinuities for northward or weak southward IMF, implying that the cross-tail current rapidly increases in response to abrupt solar wind pressure enhancements.
[5] Solar wind pressure variation also affects auroral activity and the ionospheric current system, as has recently been found in several studies [e.g., Lyons et al., 2000; Zesta et al., 2000; Chua et al., 2001; Boudouridis et al., 2003; Shue and Kamide, 1998; Kamide et al., 1998 ]. In particular, Lyons et al. [2000] and Zesta et al. [2000] reported that a large solar wind pressure pulse during a period of strongly southward IMF on 10 January 1997 resulted in global auroral and current enhancements that are quite different from that associated with substorms. Similar results were also reported by Chua et al. [2001] . Boudouridis et al. [2003] found that solar wind pressure enhancements during southward IMF conditions give an increase (decrease) of the auroral zone (polar cap) size and an increase in the total precipitating auroral particle energy flux, which is a global auroral reaction in contrast to the far more localized premidnight disturbance of substorm.
[6] In the present work, we perform an analysis of the response of the geosynchronous magnetic field at all local time sectors to abrupt increases in the solar wind dynamic pressure. We evaluate the response for both southward IMF and northward IMF cases. We find striking differences between the two cases. Mostly we find magnetic field compression. However, we find a dipolarization-like response on the nightside that is directly driven by solar wind enhancements when accompanied by southward IMF. We find that this response is part of the global magnetospheric response to solar wind dynamic pressure enhancement. In section 2, we briefly describe the data and the methodology used here. In section 3, we first present results for southward IMF and describe our major finding of this paper, namely, the dipolarization on the nightside. We then describe our results for northward IMF in section 4 and compare with those obtained for southward IMF.
Lastly, in section 5, we summarize our results and present some relevant discussion.
Data and Methodology
[7] Using data from the Wind, ACE, and/or Geotail spacecraft, we have first identified intervals during which the solar wind dynamic pressure abruptly jumps. Our survey was based on data mostly for years 1997 -2001 from the NASA website, http://cdaweb.gsfc.nasa.gov. Only two types of events are considered: (1) the northward IMF case, where the IMF B z was positive at and prior to the solar wind pressure pulse; (2) the southward IMF case, where the IMF B z was negative at and prior to the solar wind pressure pulse. For the southward IMF case, we further limited our study to cases where the IMF does not turn northward at a significant rate at the solar wind pressure jump in order to isolate the effects of solar wind pressure enhancements from the IMF northward turning effect which can trigger substorms [Lyons et al., 1997] . Then for each event we examined the geosynchronous magnetic field response using 1 min data from the GOES spacecraft. For some events, geomagnetic H component data from selected ground stations and energetic particle data from Los Alamos National Laboratory (LANL) geosynchronous spacecraft are used to supplement the interpretation.
[8] Often, solar wind dynamic pressure discontinuities are accompanied nearly simultaneously by a significant change in IMF such as a northward turning. This greatly reduces the number of useful events for the southward IMF case. Thus we were unable to obtain statistical results for this case. Instead, we will be content with presenting a total of 10 example events: 4 events with GOES spacecraft on the nightside and 6 events with spacecraft on the dayside. For the northward IMF case, we were able to identify a sufficient number of suitable events for a statistical analysis.
Southward IMF Case
[9] In this section we first present 4 events of abrupt solar wind pressure enhancements for the southward IMF case where the GOES spacecraft are located on the nightside. We find the geosynchronous magnetic field response is similar to that of a substorm dipolarization, despite it being part of global dynamic pressure response and not a substorm. We then present another 6 events when the GOES spacecraft are on the dayside, where the geosynchronous magnetic field is observed to respond in a simple compressional manner. [10] Figure 1 shows the solar wind dynamic pressure and IMF data from the Wind spacecraft, the geosynchronous magnetic field data from GOES 8 and 10, and the geomagnetic H component data from 8 low-latitude ground stations that give good coverage of all MLTs. The spacecraft data are presented in GSM coordinates.
[11] Figures 1a and 1b show a first pressure pulse at $0505 UT that was followed in $35 min by a second, much stronger, pressure enhancement, both of which occurred during a period of weakly southward IMF B z . The Wind location in GSE coordinates at $0500 UT is indicated, and it was at quite large negative y during this period. However, Geotail and ACE, located at (1.7, 30.4, 1.2) R E and (232.8, 37.6, À14.2) R E at $05 UT, respectively, observed dynamic pressures and magnetic fields that were quite similar to those at Wind during this period, indicating that the Wind observations give a good representation of the dynamic pressures and magnetic fields that impacted the magnetosphere. In response to the first pulse, there was a very weak enhancement of geosynchronous magnetic field at $0505 UT that was accompanied by a pulse of enhanced H at all the low-latitude ground stations. The transit time using the measured average solar wind velocity, and assuming the Parker spiral angle for the solar wind structure alignment, is about À1 min. However, this neglects the orientation and structure of individual solar wind structures so that significant variations from the above estimate are expected. Direct comparison of the Wind data with magnetic field responses at GOES shows that the first pulse impacted the magnetopause at about the estimated impact time whereas the second pulse impacted several minutes earlier than the estimate.
[12] The geosynchronous magnetic field and low-latitude geomagnetic field responded more significantly to the second pulse. At $0530 UT, GOES 8 at $0.5 MLT observed a magnetic field change that resembles a dipolarization: the magnetic elevation angle q shown in Figure 1e increases as B z increases and the B x magnitude decreases at the same time, resulting in a decrease of total magnetic field strength at the spacecraft, which was located somewhat away from the equatorial (B x = 0) plane. At the same time, the geosynchronous magnetic field change seen by GOES 10 at $20.5 MLT is less clear but still exhibits a tendency of increasing elevation angle.
[13] The geomagnetic field data from low-latitude ground stations are helpful for understanding the GOES magnetic response that initiated at 0530 UT. From the geomagnetic H component in Figures 1f -1m , it is seen that the ground H component increases at all MLTs during the same interval as the geosynchronous magnetic field dipolarization as indicated by vertical dotted and solid lines. There is a few minute difference between the signatures at different locations. In this work, we do not consider such differences to be significant because of the possibility of short timescale current system change in response to solar wind pressure increase and the wellknown large variation of orientation of solar wind discontinuities. In addition, a stepwise increase of the H component (which is particularly clear at stations LNP near noon and HUA near midnight) is seen that correlates well with the stepwise jumps in the solar wind dynamic pressure. Notice the remarkable similarity in multiple peaks indicated by arrows between the solar wind pressure pulse, the GOES 8 B z or q changes, and the increasing H component that are well seen at all MLT stations during the interval indicated by the vertical dotted and solid lines. This implies that the dipolarization seen by GOES 8 at 0.5 MLT is simply the direct effect of the solar wind pressure variations, and not an unloading of tail energy such as occurs during substorms. Although there exists some change in IMF B z , mostly a sudden decrease of IMF B z , simultaneous with the second pulse near 0540 -0550 UT, the solar wind pressure seems to control both the GOES magnetic variation and the ground magnetic variation.
Event 11 August 2000
[14] Figure 2 shows another event in the same format as in Figure 1 where the IMF B z is southward and fairly steady. Figure 2b shows that the solar wind dynamic pressure exhibited a series of pulses, though not all of them appear as sharp changes. The geosynchronous magnetic response seen by GOES 8 on the nightside appears to be well associated with this series of solar wind pressure pulses. Specifically, the increases at 4 times indicated as 1 -4 in Figures 2b, 2c, and 2e show consistency between the solar wind pressure pulses and the GOES magnetic responses as seen in B, B x , B z , and q. For these cases, GOES 8 moved from $19.6 MLT through $23.3 MLT on the nightside. These 4 variations all look like dipolarizations, but all appear to be direct responses to the solar wind pressure variations. For example, notice the great similarity in the triple peaks for event 4 between the solar wind pulse in Figure 2b and the GOES 8 magnetic field variations in Figures 2c and 2e. The GOES 10 measurements also show response to the four pressure pulses. The response for event 4 at 19.3 MLT looks like a dipolarization, but the response is different for the other three earlier events at $15.6-18.3 MLT. In particular, event 2 in the late afternoon side ($17 MLT) shows a dipolarization-like change of the magnetic field, but it is delayed by several minutes with respect to the one at GOES 8 ($20.9 MLT). This is the only case where we find a dipolarization-like response in the late afternoon side. Further examination with more events on this side should be performed in the future. For events 1 and 3, B z decreases, the B x magnitude increases, the B y magnitude decreases, and the magnetic elevation angle decreases, which is therefore not a dipolarizationlike response.
[15] The geosynchronous energetic particle data help understand the magnetic field response. Figure 3 shows the LANL 1989-046 proton flux data at energy channels from 75 -113 keV to 250 -400 keV and the GOES 8 magnetic field q data for the 11 August 2000 event.
The two spacecraft were separated in MLT by 6 hours. The four variations in the magnetic field are again marked as 1 -4. It can be seen that the proton flux exhibited enhancements almost simultaneously with the magnetic variations, the enhancements being quite significant except for event 3. This demonstrates the simultaneous occurrences of nightside magnetic variations and dayside particle flux changes, which presumably result from the dayside magnetic field change. Furthermore, the particle flux variations are very similar in structure to those in the magnetic field. For example, notice the triple peaks for event 4. All these are consistent with what is expected from a direct global response to solar wind pressure pulses.
[16] The geomagnetic H component data (in Figures 2f -2m again help show the effect of the solar wind pulses. For example, the global simultaneous compression effect is evident for event 1 as H increase lines up well for all MLT stations. For event 4, the H increase is not well seen at stations near noon and in the afternoon. This is presumably due to effects from perturbations of other current systems, such as the region 1 field-aligned currents as has been reported by Zesta et al. [2000] . However, the H component variation at some ground stations (e.g., BNG and ABG) shows the tendency of a triple peak structure that is similar to that seen in the solar wind pressure, GOES 8 magnetic field, and LANL particle flux, demonstrating the direct solar wind control of these variations.
[17] An important aspect of the 11 August 2000 event is that the magnitude of IMF B z was quite larger, ranging from 10-13 nT, whereas the dynamic pressure was among the lowest in the events we have examined in this paper, averaging $1 nPa. The dynamic pressure enhancements were only by about 0.5-1 nPa, but the nightside geosynchronous responses were as large as they were for the $10 nPa enhancement on 5 June 2000 (see Figure 1) . For that event, however, the IMF B z was only À2 to À5 nT. The sensitivity to relatively small solar wind pressure variations during strongly southward IMF conditions can also be seen in the geosynchronous particle flux variations in Figure 3 . The 11 August 2000 event thus indicates that the magnetosphere is much more sensitive to solar wind dynamic pressure variations when the IMF is strongly southward than when it is weakly southward.
Event 4 November 2000
[18] In this event, we will be concerned with two pressure pulse events indicated as 1 and 2 in Figure 4b . Event 2 shows another example of a nightside dipolariza- 
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LEE AND LYONS: GEOSYNCHRONOUS MAGNETIC RESPONSE TO SOLAR WIND PULSE tion-like response to solar wind pulses during strongly southward IMF B z conditions. This dipolarization is observed at $0510 UT by GOES 8 at $0.1 MLT as shown in Figures 4c and 4e . During the same time period, the magnetic variation observed by GOES 10 near 20.1 MLT is more complicated but still exhibits a tendency of dipolarization as can be seen by an increase of $15 degree in the elevation angle in Figure 4e . The corresponding solar wind pulse was observed by ACE around 0400 UT, as indicated by a horizontal arrow in Figure 4b . It appears to have two or three peaks, though the individual peaks appear rather modest. Despite the modest size of the observed pressure changes, the magnetic effect on GOES 8 was quite strong (e.g., q in Figure 4e increased by over $40°, again illustrating the strong nightside response for strongly southward IMF. Also, the apparent multipeak structure of the pulse is remarkably well reflected in the geomagnetic H component variations as shown in Figures 4f -4m . Overall, there is a great consistency between the solar wind pressure variation in the interval marked by the horizontal arrow in Figure 4b (pulse 2) and the geomagnetic variation at $0450-0542 UT. On the basis of comparison with the geomagnetic H variations, the dipolarizations seen by GOES 8 and 10 are most likely due to the second peak of pulse 2. We do not understand why the onset of dipolarization at GOES 8 was 2 -3 min earlier than the onset of the second peak in the geomagnetic H increase, however, we do not consider such a few minute difference to be significant. However, we further notice that the second peak of the geomagnetic H increase at $0510 UT is in fact followed by one or more additional small peaks (or bumps). A similar tendency can be seen in the magnetic elevation angle changes at GOES 8 and 10, as is evident during the interval $0510 -0542 UT between the second vertical dotted line and the vertical solid line. This lends further credibility to our association of the dipolarizations at $0.1 and 20.1 MLT with the second peak of the solar wind pressure pulse 2.
[19] It is interesting to compare this dipolarization-inducing pulse event with the earlier pulse at $0130 UT, the pulse 1. This pulse occurs for northward IMF B z . The geosynchronous magnetic field response seen by both of the GOES spacecraft in this case does not show a clear dipolarization-like variation, but rather shows simple compression. Also, notice the similar structure between the elevation angle q variation of the geosynchronous magnetic field and the geomagnetic H variation.
Event 29 November 2000
[20] For this event we pay attention mainly to two dipolarization events of the geosynchronous magnetic field observed by GOES 8 at $0112 UT (20.2 MLT) and $0400 UT (23 MLT), as shown in Figures 5c and 5e .
[21] The dipolarization at 23 MLT, the second event, is associated with the solar wind pressure pulse observed by ACE at $0300 UT for southward IMF B z . At the same time as this dipolarization, the geomagnetic H increased nearly simultaneously at all MLT stations as shown in Figures 5f -5m. There is an earlier geomagnetic H-increase at $0335 UT. We do not know precisely what caused this H-increase, but this may be due to an earlier pulse of the solar wind that was simply not detected by ACE. Small effects can be seen in the GOES 8 and 10 magnetic fields for this possible earlier pulse.
[22] For the dipolarization seen by GOES 8 at 20.2 MLT at $0110 UT, on the other hand, no clear signature of a solar wind pulse appears in the ACE data at the expected time, which is indicated by a horizontal arrow in Figure 5b . However, the H component data show increases at all MLT, indicating that a solar pressure enhancement indeed did impact the magnetosphere. For this case, the increase initiates at $0100 UT near noon and on the afternoon side, but at $0112 on the nightside. The LANL energetic particle data help clarify this event as shown in Figures 6b and 6c . The two LANL spacecraft 1989-046 and 1994-084 were located at $14.2 MLT and 8.1 MLT, respectively, when GOES 8 was at $20.2 MLT. First we notice the nearly simultaneous onset of GOES 8 dipolarization and LANL particle flux increase at energy channels from 75 -113 keV (in Figure 6b) or 50-75 keV (in Figure 6c) to 250-400 keV. Close inspection shows that the 14.2 MLT enhancement initiated at about 0100 UT, which corresponds to the time of the near noon and afternoon side ground magnetic response. This indicates that a pressure enhancement affected those local time regions near 0100 UT. The 8.1 MLT energetic particle response initiated closer in time to the dipolarization signature on GOES 8 and the nightside ground magnetometer response. The nearly simultaneous occurrence of these three responses implies they are due to the solar wind pulse. This conclusion is further supported by the presence of two similar peaks between 0100 and 0200 UT in both the magnetic elevation angle q curve for GOES 8 and the energetic particle flux curves from the LANL spacecraft. Therefore we associate both nightside dipolarization and dayside energetic particle flux enhancement with the solar wind pressure pulse that was simply not detected by ACE which was located $40 R E off of the Earth-Sun line. That the afternoon side responses preceded the morning side and nightside responses may relate to the angle of incidence of the pressure front on the magnetosphere, or to differences between the temporal variation of the pressure change that effected the morning side and the afternoon side of the magnetosphere, effects which we have not considered in the present analysis. It is likely that the solar wind discontinuity responsible for this event was not a planar discontinuity oriented perpendicular to the Earth-Sun line.
[23] We suggest that it is not uncommon for a spacecraft to miss a solar wind pressure increase that actually interacts with the magnetosphere. To demonstrate this, we show solar wind and IMF observations from Wind and Geotail spacecraft together with ACE observations in Figures 6d -6i for the present event. For the first dipolarization event, we already mentioned above that ACE, located on the dusk side of the magnetosphere, did not see the presence of a meaningful pressure pulse. As shown in Figure 6f the expected pulse was also not observed by Wind spacecraft, which was located significantly farther away from the Earth on the dusk side. However, two successive pulses were observed by the Geotail spacecraft, located on the dawn side of the Earth near X = 0, before and after 0100 UT as indicated by arrows in Figure 6h . The two pulses were separated in time by $45 min, and must have been responsible for the first dipolarization event seen by GOES 8 near $0110 UT and the subsequent event seen near $0145 UT, which was seen by GOES 8 as well as by energetic particle flux enhancements on the two LANL spacecraft (In fact, the subsequent variation near 0145 UT is also seen in the H increase at all MLT stations in Figure 5 ). That the LANL data on both the afternoon and morning sides show the effects of two pressure pulses hitting the magnetosphere suggests that the Geotail data are more representative of what hit the magnetosphere than are the ACE data. However, the differences between the solar wind pressure variations seen by ACE and Geotail indicate that there may have been significant differences in the precise solar wind structure which impacted the afternoon side and the morning side of the magnetosphere at $01-02 UT. Such differences are a possible explanation for the difference in timing between the pressure effects seen on the two sides.
[24] The pressure enhancement seen by ACE at 0300 UT, which occurred at the same time as the IMF B z rapidly became more strongly southward, is not seen by the other two spacecraft at the time expected by the IMF southward turning as indicated by arrows in Figures 6f and 6h . Therefore, without having checked the ACE data, one might have incorrectly concluded that there was no solar wind pulse responsible for the second dipolarization event near 0400 UT. However, the ground H data indicated that a pressure pulse did impact the magnetosphere, and the ACE data verifies that a pressure enhancement did exist at the appropriate time in the vicinity of the Earth.
Dayside Response
[25] We have not found a clear dipolarization response of the dayside geosynchronous magnetic field except for the very late afternoon sector event in Figure 2 mentioned above (event 2 at GOES 10). Figure 7 shows a summary plot of 4 events when both of the GOES spacecraft were on the dayside, mostly covering $9-10 MLT and 13-14 MLT. These are all cases that exhibit the simple compression effect of the dayside magnetic field in response to various types of solar wind pressure pulse as indicated by arrows. For the 9 July 1997 and 7 April 1998 events, the pressure increased by a factor of $2.6. However, the average IMF B z prior to the pulse timing was different between the two events: It was more strongly southward for the 9 July 1997 event (B z = $À9 nT) than for the 7 April 1998 event (B z = $À2 nT). For the 26 July 2000 and 11 August 2000 events, on the other hand, the average IMF B z prior to the pressure pulse was roughly same for both events (B z = $À5 nT). However, the pressure increased by a factor of $2.4 for the 26 July 2000 event but by a larger factor of $5.6 for the 11 August 2000 event. Figure 8 shows 2 events with one of the GOES spacecraft near the dawn ($6 MLT) or dusk ($18 MLT) meridian. The only signature that appears to be not clear is the complicated variation seen by GOES 8 on the duskside at and after $23 UT in the 9 -10 November 1997 event, which is not a dipolarization-like response and might be associated with the large enhancement in the southward component of the IMF that occurred during the event. The other responses are the simple compression effect.
[26] When both of the GOES spacecraft are on the dayside, normally at least some of LANL spacecraft is located on the nightside. This allows one to check the nightside response in terms of energetic particle flux behavior even though no magnetic field data are available there. Figure 9 displays LANL data for the 11 August 2000 compression event, which is one of the events in Figure 7 for which the GOES spacecraft were on the dayside. One can easily notice that both the timing and the structure of the curves in the different panels are very similar. As the LANL spacecraft cover morning side and near-midnight sectors, it must be that the solar wind pulse effect is global in MLT as we saw earlier in section 3.1. On the basis of our nightside examples in section 3.1, we presume that the nightside magnetic response to the pressure pulse was dipolarization-like, however this cannot be confirmed because of the absence of magnetic field measurements on the nightside.
Northward IMF Case
[27] For the northward IMF case, the dayside response is straightforward, but the nightside response can be more complicated than a simple compression. For the case of the present work, we find no dipolarization-like responses for northward IMF B z . We first present sample examples and then statistical results.
Nightside Response
[28] We present 4 example events for nightside response in Figure 10 . The two events on 30 April 1998 and on 12 June 2000 show the simple compression effect neardawn, midnight, premidnight, and duskside in response to the solar wind pressure pulse during northward IMF B z . However, the other two events, 1 March 2000 and 10 November 2000 events, demonstrate more diverse responses on the nightside. In the 1 March 2000 event the duskside is compressed in the usual way, but the magnetic field in the premidnight region appears to be actually depressed somewhat. The 10 November 2000 event shows a significantly enhanced depression of the geosynchronous magnetic field near 1.5 MLT by the much stronger solar wind pulse, while the premidnight region is compressed in the usual way by the same pulse. This depression is seen as all three components of the magnetic field decrease simultaneously, and so is definitely not a dipolarization. The solar wind pulse could disturb various current systems including the tail current in some complicated way. Here the nightside depression is likely when the effect of the enhanced tail current by the solar wind pulse surpasses the effect of the magnetopause current enhancement on the nightside geosynchronous orbit.
Dayside Response
[29] As the dayside response is relatively simple to understand, we present just one example event in Figure 11 , and show some statistical result in the next section below. The response is simply that of compression, and the magnetic elevation angle change much depends on how the system is compressed and where the measurement is made. The event in Figure 11 is simply one of such events showing the simple compression with no transient change of the magnetic elevation angle.
Statistical Pattern
[30] For statistical study, we have collected a total of 35 events of solar wind enhancement for northward IMF. Figure 12 is a summary plot of the statistics for these events. In Figure 12a the amount of change in the solar wind pressure in each of 35 events is displayed against event ID number in the horizontal axis. Each circle (cross) represents the pressure change dP in nPa (percentage) of an independent solar wind pulse event. In Figure 12b the magnetic elevation angle value q o (circles) prior to the onset of the magnetic field response to each of the solar wind pulse events in Figure 12a is displayed as a function of MLT, intending to suggest an idea about the geomagnetic latitudinal location of the GOES spacecraft. As we usually have two GOES spacecraft available for each solar wind pulse event, the number of circles in Figure 12b is double that in Figure 12a . Also shown in Figure 12b is the change in the elevation angle of the geosynchronous magnetic field, dtheta (plus signs) due to the solar wind pulse impact, many of which appear to be insignificant. The amount of the change in the magnetic field magnitude measured by GOES spacecraft dB is presented as a function of MLT in Figure 12c . One can see that dB is positive at all MLT sectors for most of events, implying compression. Sometimes dB is negative on the nightside, implying depression. More meaningful statistical pattern can be seen in Figures 12d -12f by properly limiting relevant parameters. Figure 12d shows dB as a function of q o for limited MLT (09 -15) and dP (100% $ 500%) ranges. It can be seen that the magnetic field compression tends to be higher at higher values of the pre-onset magnetic field elevation angle q o . The higher value of q o means the measurement point is closer to the equatorial plane where B % B z . In Figure 12e which shows dB as a function of MLT for limited initial q o (>60°), the compression effect of the magnetic field can be seen to be largest near noon and to decrease away from noon, which is intuitively reasonable. Last, Figure 12f displays the dB as a function of dP for limited initial q o (>60°) and , and shows that stronger changes in the solar wind pressure lead to higher compressions of the geosynchronous magnetic field on the dayside.
Summary and Discussion
[31] We have shown that the geosynchronous magnetic field response to abrupt increases in solar wind dynamic pressure can be quite different depending on the IMF polarity prior to the pulse. Enhancements that occur with northward IMF generally lead to magnetic compression, with a few cases of depression at MLTs near midnight. The compression was found to be strongest near noon, to decrease toward dawn and dusk, and to increase with the amount of increase in dynamic pressure. For solar wind pressure enhancements with southward IMF, we still saw magnetic field compression on the dayside, but we found a magnetic dipolarization-like signature on the nightside. This resembles the typical substorm dipolarization. However, we have found that the same solar wind pulses lead to a global and near-simultaneous low-latitude geomagnetic H increase and to energetic particle flux enhancements on the dayside. That all these signatures are nearly simultaneous is consistent with the findings by Lyons et al. [2000] , Zesta et al. [2000] and Boudouridis et al. [2003] that the response to abrupt solar wind pressure enhancements is not that of a substorm, but is instead a global disturbance directly driven by solar wind dynamic pressure. This conclusion is reinforced by the great similarity in structure between the H increase on the ground, the dipolarization at geosynchronous orbit, and the solar wind pulse. This is what is expected from a response that is directly driven by the solar wind pulse. We have also found that the nightside magnetosphere is remarkably sensitive to dynamic pressure enhancements when the IMF is strongly southward (i.e., B z is below $À10 nT). For example, under these conditions and a low solar wind dynamic pressure of $1 nPa, strong dipolarization signatures and energetic particle enhancements are seen in response to dynamic pressure increases that are only $0.5 nPa.
[32] Important differences between dynamic pressure enhancements and substorms have been already documented by previous researchers: Global auroral response [Zesta et al., 2000; Chua et al., 2001 ] versus more localized substorm aurora response, global DP2 [Zesta et al., 2000] and polar cap convection [Lukianova, 2003] increases versus convection reduction during substorms [Lyons et al., 2003] , cross-tail current increases [e.g., Collier et al., 1998 ] versus cross-tail current decreases at substorm onset. In the present work, we have addressed another important difference, that being the global geosynchronous response versus the well-known localized response for substorms. We have, however, also found an interesting similarity, the dipolarization on the nightside, though it appears to cover a broader range of MLT than does the substorm dipolarization. We suggest that the dipolarization-like change is a part of the global response. We recognize that it is sometimes stated that pressure enhancements can trigger substorms, often by misquoting the result by Kokubun et al. [1977] . This, however, is not supported by published studies, except for cases where a pressure enhancement is accompanied by a sufficiently strong northward turning of the IMF. In fact, it has been known since Kokubun et al.'s [1977] important study that pressure enhancements themselves do not trigger substorms.
[33] The question that needs to be addressed is how does a solar wind dynamic pressure enhancement give a dipolarization-like response on the nightside. An essential prerequisite for an unambiguous dipolarization is a stretching of the magnetic field. This is expected under southward IMF conditions on the nightside (and perhaps near duskside sometimes), but not on the dayside. The impact of a solar wind enhancement will then add a northward component to the geosynchronous magnetic field as a result of the enhanced magnetopause current. The result will be that the dayside magnetic field becomes further compressed from where it was before the pressure enhancement. On the nightside that enhanced northward field returns the stretched field on the nightside to a more dipolar-like shape. However, the situation is likely more complex than this, as there are likely also magnetic field perturbations due to other current systems such as the tail current and fieldaligned currents. A better answer for this question will probably only be available after examination of the detailed disturbance of various current systems in response to a pressure enhancement [e.g., Zesta et al., 2000] . Also, perhaps not totally unrelated to this situation, is the possibility of other tail changes triggered by the sudden impact of the solar wind pulse.
[34] In the present work, we tried to avoid cases where the IMF made a meaningful south-to-north turning at the time of the solar wind pressure jump. According to some preliminary study of this case, the effect of the solar wind pulse may be still significant. However, for a solid conclusion, this case requires a more detailed examination with more events as it likely involves some competition or combination of the pure solar wind pulse effect and the possible substorm effect triggered by the northward turning of the IMF [Lyons et al., 1997; Boudouridis et al., 2003] .
[35] In the present work, we used geosynchronous energetic particle flux data from the LANL spacecraft only for some cases in order to supplement our analysis with the GOES magnetic data. Eventually one should be able to understand how the energetic particle flux variations due to the solar wind pressure variations are related to the geosynchronous magnetic field variations. Physics, 2002) is that the solar wind pulse leads to a nearsimultaneous enhancement of the energetic particle flux at all MLT sectors at the geosynchronous orbit but the behavior is different between different energy channels, and between different species. Clearly, further study is desired on these issues.
[36] This present work is closely related to the sawtooth events that occur during extended periods of southward IMF. Lee et al. [2004] suggest that the sawtooth oscillations of the geosynchronous magnetic field and energetic particle fluxes are very strongly associated with semiperiodic solar wind pressure pulses. 
